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A conceptual change 
in crystallisation mechanisms 
of oxide materials from solutions 
in closed systems
Sibu C. Padmanabhan1,2,3*, Timothy W. Collins3, Suresh C. Pillai4,5, Declan E. McCormack6, 
John M. Kelly2, Justin D. Holmes1,2,3 & Michael A. Morris1,2*
Atomic and molecular level interactions in solutions dictate the structural and functional attributes 
of crystals. These features clearly dictate the properties of materials and their applicability in 
technologies. However, the microscopic phenomena of particle formation—nucleation and growth—
in real systems are still not fully understood. Specifically, crystallisation occurring in closed systems 
are largely unproven. Combining coherent experimental data, we here demonstrate a fundamental 
nucleation-growth mechanism that occurs in a model zinc oxide system when particles are formed 
under continuous, rapid heating under closed reaction conditions. Defying all previous reports, 
we show that the nucleation commences only when the heating is terminated. A prenucleation 
clusters pathway is observed for nucleation, followed by crystallite assembly-growth. We show 
that the nucleation-growth processes result from temporal and dynamic activity of constituent 
ions and gaseous molecules in solution and by the irreversible expulsion of the dissolved gaseous 
molecules. We suggest that this nucleation process is generic to most closed systems that go through 
precipitation, and, therefore, important for the crystallisation of a variety of metal oxides, composites 
and minerals. We anticipate that the work may be a platform for future experimental and theoretical 
investigation promoting deeper understanding of the nucleation-growth phenomena of a variety of 
practical systems.
Nucleation and crystal growth mechanisms attract much interest because of their importance in science, technol-
ogy and in many natural and biological  processes1–8. Thus, there has been significant amount of experimental 
and modelling studies to understand these mechanisms in model systems such as atomic liquids, Lennard–Jones 
liquids, water, colloids, solutions, binary systems and natural gas  hydrates9–12. Studies on real systems have also 
been  reported13–17. Recent work has shown deviations from classical nucleation-growth models towards non-
classical series of events involving ‘stable’, metastable or transient  intermediates18–21. Oriented attachment and 
colloidal assembly growth have also been reported for many  systems22–27. One theoretically and experimentally 
predicted pathway is through intermediate prenucleation clusters (PNCs)14,15,19,20,27–29. PNCs are three-dimen-
sional (3D)-like arrangements of constituent atoms/ions formed in solution prior to nucleation, whose structural 
arrangement is related to the final crystal  structure15,30,31. However, full understanding of the nucleation-growth 
phenomena remains remote and issues such as PNC stability and its transition into nuclei is unclear for many 
real systems. Despite advances in theoretical and modelling studies to enhance knowledge of the crystallisation 
process, accounting for all the aspects of real systems is extremely challenging. In this work, we provide the very 
significant finding that in a model ZnO system, nucleation does not occur during heating but rather when heat-
ing is terminated. Our findings reveal that the heating allows the system to reach a supersaturated state, wherein, 
temporally fluctuating hexagonally close packed-like spatial arrangements of  Zn2+ and  OH− ions—PNCs—are 
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formed, surrounded by loosely packed ions and species. When the heating is terminated, the temperature and 
pressure drop, and the dissolved gaseous molecules expel irreversibly from the system. This initiates the nuclea-
tion within the PNCs. Growth then follows by aggregate addition of the formed crystallites, driven by their 
inherent growth habit and the interfacial compatibility between them.
ZnO was selected for this study because it is a well-studied system for crystal growth from  solution32–44. The 
biological and technological significance of ZnO underline its  selection45–48. Synthesis was carried out by reacting 
aqueous solutions of 5 mM zinc nitrate (1) and 50 mM urea (2). For the rapid, continuous heating, a microwave 
(MW) reactor (CEM Technology Discover) was used. A MW power of 300 W for different periods of time (1, 3, 
5, 10, 20, 30, 40 and 60 min) were used to prepare samples (“Methods” and Supplementary Information Fig. S1 
online). The comparatively higher temperature (115–132 °C) and pressure (287–316 kPa) attained rapidly (within 
3 min) in these reactions (Supplementary Information Fig. S2 online) indicate a positive MW heating effect and 
enhanced reaction rates for the formation of ZnO microcrystals. Heating in MW is known to occur through 
dipolar polarization and ionic  conduction49. We attribute the increase in reaction rates to the thermal effect that 
increase random collisions of thermally excited ions and molecules.
Results and discussion
We used three fundamental analysis techniques to examine the nucleation-growth pathways. The final size and 
shape of the crystals formed were imaged by scanning electron microscopy (SEM) (Fig. 1 and Supplementary 
Information Fig. S3 online). The size analysis from SEM showed that needle shaped particles with lengths 
between 1 and 9 μm (for 5–60 min) and widths between 50 and 690 nm were produced. The most significant 
information on nucleation-growth events was obtained from X-ray diffraction (XRD), Fourier Transform Infra-
red spectroscopy (FTIR) and SEM-Energy Dispersive X-ray spectroscopy (EDX) data. Specifically, the average 
crystallite size (ϕav) calculated by averaging out ϕ obtained from all reflections of the diffractogram (ZnO wurtzite 
phase) showed a direct correlation to the particle size (length and width) (Fig. 1 and Supplementary Information 
Fig. S4 online) calculated from SEM. The particle length showed a cyclical trend with MW time, initially decreas-
ing then increasing before decreasing again. The ϕav also followed this trend. The direct correlation suggest that 
the final particles are formed by the assembly of primary crystallites of 47–77 nm (see Supplementary Table S1 
online). On further examining the evolution of size data and pressure with respect to MW time (Fig. 1), it was 
found that they (ϕav and particle length) showed an inverse relation to the system pressure above 20 min of MW 
irradiation, suggesting the crucial role of pressure in the nucleation-growth process.
The evolution of ϕ of the crystal planes during heating (Fig. 1, Supplementary Table S1 online) provides sig-
nificant clues on the crystallisation process. ϕ does not increase consistently on increasing the MW heating time 
from 5 to 60 min ruling out nucleation followed by the classical growth  phenomenon50. Instead, the random ϕ 
values shown by particles grown with increasing heating time indicates a different growth phenomenon. If the 
growth had happened through dissolution of  Zn2+ ions from the side walls (such as {1010} and {1120} planes) of 
already grown particles followed by added growth along the tips (i.e. {0001} c-axes), as  reported51, the ϕ would 
not have decreased with increasing MW time. Note also that significant growth modification was observed mainly 
along {0002} and {1122} planar directions with respect to the pressure changes in the system emphasizing the 
significant role played by pressure on crystal nucleation and growth.
In order to gain further insight into growth processes, the defect density distribution in crystals was examined 
by following changes in the lattice micro-strains (Fig. 1). It shows greater strain components associated with the 
more developed low index planes such as {1010} and {1011}, followed by the {1120} plane, when compared to the 
other planes. As defects such as dislocations, vacancies, interstitials, substitutions and antisites are manifested by 
strain-induced diffraction-line  broadening52, it is arguable that the defects in these samples are more associated 
with the well-developed planes, that is, associated atomic lattices.
We then followed nucleation-growth using FTIR of samples following processing. FTIR showed the time 
dependent evolution of ZnO and associated carbonates, hydroxyls and hydrate species (Fig. 2, see Supplementary 
Information 5 online for detailed discussions on FTIR and Fig. S5)53,54. The decreasing intensity of the carbonate 
and hydroxyl peaks during heating suggests a time-dependent evolution of the particles. Clearly, their concentra-
tion decreases with heating time. Especially, for the higher time samples (30–60 min), three sets of split peaks 
assignable to the ν3(Au + Bu) modes of carbonates [such as at 1506 and 1340 cm−1 (Δν = 166), 1540 and 1374 cm−1 
(Δν = 146), and 1559 and 1394 cm−1 (Δν = 185)], corresponding to three different types of environments were 
observed. In addition, three broad bands centered around 667–692 cm−1, 872–886 cm−1 and 941–986 cm−1, 
attributable to the ν4(Bu), ν2 out-of-plane bending, and ν4(Au) modes of carbonates, respectively, were  observed54. 
The moderately high Δν3 values and the broad ν2 and ν4 peaks suggest that the carbonate species in the particles 
mostly take a tridentate/bridging form, involving all three oxygen atoms and are, therefore, probably located 
between ZnO primary crystallites at the interfacial  regions53–56. This finding is important since this suggests the 
significant role played by carbonates in defining the interface of crystallites and their assembly process, which 
will be discussed in detail later in the paper.
Further examination of the nucleation-growth process was made by considering the changes of Zn atomic 
%, and atomic ratios of O to Zn and C to Zn with respect to MW heating (Fig. 2). Data for these were derived 
from SEM–EDX analysis (Fig. 2). Notably, the Zn concentration in particles on increasing the MW time shows 
a cyclical trend. Further, within this cyclical trend, the Zn content shows a steady increase above pH 9 (whilst 
maintaining the cyclical trend; Fig. 2) indicating that the particles grow with less organic species in their struc-
ture above this pH. This agrees well with the FTIR data. Also, the cyclical trend in Zn content suggests that the 
nucleation-growth is not a continuous process, again clearly ruling out classical nucleation-growth.
It should, however, be noted that the atomic % of Zn is calculated with respect to that of C and O (Fig. 2). The 
large cyclical variation in Zn content between samples, thus, emphasizes the dynamism of reaction, resulting 
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in particles with varying organic functionalities (C and O) and Zn, not Zn alone. This also emphasizes the role 
of carbonates in controlling the particle growth mechanism. This, combining with the crystallite size evolution 
data (Supplementary Table S1) also emphasize the role of carbonates in restricting the growth of certain planes 
(e.g. {1120} and {1012}) compared to the growth along other planes ({0002} and {1122}), which is controlled 
by  NH3 species.
The proposed nucleation-growth mechanism is discussed hereafter. The decomposition pathway of urea-
dissolved-in-water under heat has been documented and is presented in Supplementary Information Fig. S6 
 online43. Under continuous MW heating, initially hydroxides  (OH−) and bicarbonates  (HCO3−) are formed. 
The heating also induces de-solvation of ions in solution and ensures they are thermally excited, resulting in a 
random collision of ions. On continual heating,  NH3(g),  CO32− and  CO2(g) are formed. As a result, the solubil-




Figure 1.  SEM particle shape, size, and XRD crystallite size and strain data plots. (a) A representative SEM 
image of ZnO particles formed. (b) Plots of particle length ( ) and ϕav ( ) of ZnO microparticles 
and (c) ϕav ( ) and system pressure ( ) against MW time. The particle lengths are measured from 
SEM images of samples presented in Supplementary Information Fig. S3 online. Error bars show the standard 
deviation from the mean value of 50 representative particles measured. (d) Powder XRD patterns prepared by 
5, 10, 20, 30, 40 and 60 min of MW irradiation (from bottom to top). Patterns are shifted vertically for clarity. 
Scatter plots of (e) ϕ and (f) lattice strain against d-spacings (  —5,  —10,  —20,  —30,  —40, and  
—60 min). The crystal planes labelled in (e) is applicable to (f) as well.
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a supersaturated state with respect to zinc solubility. Over time, the increase in growth-related ionic species 
in solution, along with the extended time available to organize themselves, drives the  Zn2+ and  OH− ions to 
attain spatially compact/dense structures—PNCs (Fig. 3, rendered using VESTA software)57. Such organization 
can create a medium range crystalline order among these tightly organized  clusters58. These clusters remain 
solvated throughout the heating and allow diffusion of species through its structure—no strict spatial positioning 
yet. These spatially dense network regions are surrounded by loosely packed regions (interfaces), and, further, 
randomly distributed regions throughout the system (separation driven by association and interfacial energy 
dynamics). In the case of ZnO, these dense networks may be organized in hcp-like  geometries59, the boundaries 
Figure 2.  Probing compositional and atomic evolution of samples. (a) FTIR spectra of samples prepared by 5, 
10, 20, 30, 40 and 60 min of MW irradiation (from top to bottom). The peaks are shifted vertically for clarity. 
(b) Plots of atomic % of Zn and (c) O to Zn ( ) and C to Zn ( ) atomic ratios against MW time. (d) 
SEM–EDX patterns of samples discussed. Patterns of 5–60 min samples shifted vertically and stacked from 
bottom to top. (e) Plot of atomic % of Zn and (f) O to Zn ( ) and C to Zn ( ) atomic ratios against 
solution pH. Plotted EDX data are from samples prepared by 1–40 min of MW irradiation with an interval of 
2 min, and 60 min. Note that the Zn atomic % is calculated from a 100% total consisting of Zn, O and C.
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of which are defined by factors such as the ionic strength, pH, the form and concentration/number of all species 
present and the temperature and the pressure of the system at that point of time. Temporally dynamic addition 
and exclusion of ions to/from their boundaries will be ongoing throughout the heating in this non-equilibrium 
system, which is validated by the consistent inverse relation shown by ϕav and particle size with system pressure 
above pH 9, or above 20 min of MW irradiation (Fig. 1). This suggests the influence of dissolved ammonia and 
carbonate species in controlling PNCs’ interface/size and the aggregation process.
Briefly, in the dynamic process, the system vapour pressure increases when parts of the dissolved gases are 
released. For example, at 30 min, more gaseous molecules are released. Specifically, the  NH3 molecules com-
plexed with  Zn2+ ions and carbonates linked at the lateral planar atomic positions situated at the interfaces of 
the PNCs are released. This will reduce the effective size of the PNCs (crystallites in turn, see XRD crystallize 
size data in Supplementary Table S1 online). System attains a low vapour pressure when the dynamism of the 
system forces the gaseous molecules to re-dissolve in the solution. The dissolution of ammonia appears to make 
notable influence on the crystallite size. Specifically, the length of two crystal planes such as {0002} and {1122} 
appears to be increased by the dissolution of ammonia. This shows that ammonia dissolution favours zinc ion 
complexation that places the Zn(NH3)42+ complexes at these atomic positions increasing atomic density at these 
planes. This dynamic process continues throughout heating, as evidenced by the pressure-dependent evolution 
of ϕ. Precisely, the system remains in a temporal and dynamic non-equilibrium state throughout heating, in 
which, the boundaries of individual PNCs keep rearranging depending on the pressure dynamics and mass 
transfer to PNC interfaces.
It can be noticed from crystallite size evolution data (Supplementary Table S1) that the planes other than 
{0002} and {1122} show lesser modification, and especially planes like {1120} and {1012} show little modification 
above 20 min of reaction. This suggests to the extent of rearrangements happening at the interface of PNCs along 
different crystal planes. This observation along with the FTIR data indicates to a possible lateral linkage of PNCs, 
on the complete dissociation of urea, forming laterally extended PNC networks. Crystallite size evolution, EDX 
and FTIR data, together with pH evolution, suggest that such laterally extended PNC networks are formed from 
20 min of MW irradiation. This is consistent with the trends observed substantiating the decisive role played 
by the smallest components of urea dissociation products  (NH3,  CO32− and  CO2) in defining the crystallisation 
process. Below 20 min, prior to the complete dissociation of urea, the particle formation is inconsistent. Above 
20 min, when urea is dissociated completely into the smallest components, the PNC-mediated crystallisation 
and the related trends discussed above becomes consistent. These laterally extended PNC networks thus limits 
Figure 3.  Schematic of a representative PNC, and dynamism of the closed system. 3D hcp-like aggregations 
of  Zn2+ and  OH− ions (without bonding) constitute the PNCs here. Though not drawn for clarity purpose, 
the  Zn2+ ions in these PNCs are stabilized by ammonia complexation—as Zn(NH3)42+. The extent of PNCs is 
defined by the temporal solution properties, which keep fluctuating throughout the process. PNCs initially 
co-exist with non-dense regions. Representative ions/species in the non-dense region is shown around the PNC. 
The dotted lines represent possible hydrogen bonds between species (This is only qualitative representation, 
not quantitative). Nucleation starts within the PNCs on expulsion of gaseous molecules, especially ammonia 
complexed with  Zn2+ ions that stabilizes these PNCs, and carbonates. The growth follows by the aggregate 
addition of crystallites formed from these PNCs. Dynamism of gaseous molecules is schematically represented.
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the lateral growth of PNCs. However, the diffusivity of growth units through the PNC networks would still allow 
certain level of lateral rearrangements. The pressure dynamism, at the same time, causes the PNCs to grow/dis-
solve at their axial directions more freely.
In order to initiate nucleation, in classical nucleation, the bulk energy term of PNCs should surpass their 
surface  term3,4,20,60. In case of ZnO, factors that could favour the bulk term are the mutual affinity of  Zn2+ and 
 OH− ions, owing to the potential of stabilization by sharing these ions’ high energy orbitals in the subsequent 
ZnO wurtzite crystal state. As the heating is achieved by MW irradiation, there can be another factor, which is the 
entropy gain achievable by these organized ions in the PNCs, resonating with the MW field (vibrational entropy, 
as compared to the configurational entropy)14. That is, within the organized cluster form, they could contribute 
to a favourable entropy term, through their resonant movements with oscillating MW field.
However, these bulk terms do not appear to be sufficient-enough to initiate nucleation during the heating 
stage. If they had nucleated during heating, like in classical nucleation, the evolution of ϕ should have shown 
only a progressive trend. In the absence of other factors, the only factor that initiate nucleation is the expulsion 
of dissolved gaseous molecules. However, when the heating is on, the closed system forces the gas molecules to 
re-dissolve, making nucleation unfavourable. This dynamic expulsion-dissolution process goes on throughout 
heating. On stopping irradiation, the temperature and pressure of the system decreases and the dissolved gase-
ous species  (NH3 and  CO2) along with water vapour are expelled irreversibly. This initiates nucleation and the 
most probable locations for nucleation are the PNCs. Here, the stability of PNCs until the termination of heating 
is attributed to the Zn(NH3)42+ complexes stabilizing the  Zn2+ ions in PNCs. On termination of heating, these 
zinc-ammine complexes are destabilized, and ammonia is released. This irreversible release forces the PNC 
structures to nucleate, where the nucleation will start from within the PNCs. The nucleation events stop when 
these PNCs are fully crystallized by adding growth species from the loosely packed interface region. Here, the 
boundaries of the formed crystallites are determined by the concentration of growth species and other compatible 
species, such as carbonates and amines, around the PNCs at the time of stopping heating. The chemisorption 
of carbonates perturbs the initial crystallisation, creating surface defects. FTIR and the crystallite size evolution 
data substantiates such perturbation events. Therefore, it is deduced that the defects are mostly associated with 
the crystallite boundaries. However, the inherent defects can also be created throughout the crystalline structure 
depending on the temporal system composition at the time of rapid nucleation, that is, at the time of stopping 
heating, and followed growth events.
In the subsequent growth process, the PNC networks aggregate together (see Supplementary Information 
Fig. S7 online), and form micron sized particles dictated by factors such as (1) the inherent growth habit of crys-
tals in the absence of other growth modifying agents, and (2) favourable interfacial forces. During aggregation, 
the crystallites and grains carry chemisorbed species such as  OH−,  HCO3− or  CO32−, depending on the presence 
of them in solution at that point of time (this depends on the solution pH and pKa; Supplementary Information 
Fig. S6 online). The relation between dissolution and expulsion of gaseous species and the size and shape evolu-
tion of particles, along with the FTIR data suggest that growth occurs by the lateral assembly of crystallites, influ-
enced by the carbonate species, and by their axial assembly dictated by the expulsion of ammonia species. This 
growth mechanism also explains the formation of a high concentration of defects at the well-developed planes, as 
evidenced by the XRD micro-strain data. Briefly, the crystallites, as they grow by edge-on (lateral) and head-on 
(axial) addition between them, the more defects are prone to accumulate at the lateral planes. The higher energy 
of the lateral planes, due to the presence of more energetically growth-favourable, that is, defective edges, may 
be the driving force for the lateral assembly process. The dissolved ammonia species in the solution stabilize the 
inherently energetic axial planes, through zinc-ammine complexes and/or oxygen-ammine hydrogen bonds. The 
expulsion of c-axis stabilized ammonia species initiates the axial aggregation process. At higher pH conditions, 
 CO2 formation will be more pronounced and its expulsion results in particles with less organic content. These 
findings imply that carbonates are important in controlling the crystallite size and on the crystallite aggregation 
process. Specifically, the carbonates and  CO2 control the lateral PNC/crystallite growth, assembly and organic 
content of particles. The absence of evidence of the  NH3 species in the structure implies that they play key roles 
in controlling the  Zn2+ solubility in solution and the c-axial growth.
A consistent inverse relation of ϕav and particle size with the system pressure is observed for samples prepared 
above 20 min of MW irradiation. This implies that a complete dissociation of urea into its smallest components is 
required for the system to yield consistent results. Before 20 min, the system pressure is mainly developed from 
water vapour and partial dissociation of urea. Corroborating results from FTIR, EDX and atomic ratios suggest 
a lesser availability and activity of carbonates before 20 min. This supports the inconsistent relation between ϕav 
and system pressure until 20 min of MW irradiation (See detailed discussions in Supplementary Information 4 
and Supplementary Information 8 online).
Further, although the Zn cyclical trend was consistent throughout MW irradiation, a large variation in Zn 
content was observed in the 20–30 min reaction window (Fig. 2). The examination of the evolution of pH (Sup-
plementary Fig. S4 and Supplementary Information 4 online) and corresponding pKa values (Supplementary 
Information Fig. S6 online) suggests that the Zn evolution in particles has a direct link to the pH evolution over 
pressure dynamics. The sequential release of  OH−,  HCO3−,  NH3 and  CO2 with respect to the evolution of pH 
justifies the large variation between 20 and 30 min of MW irradiation and its direct correlation to a consistently 
high Zn content above 30 min of reaction time.
Conclusions
Until this time, every crystallisation study reported has discussed about a classical nucleation/crystallisation or 
nucleation-growth involving metastable or transient intermediates including prenucleation clusters. No study has 
reported a cyclical evolution of crystallite size or its constituents, here Zn content, in forming/growing particles 
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that emphasize the possibility of a different crystallisation phenomena in closed reaction systems. We here, by 
combining coherent data from XRD, SEM–EDX and FTIR showed that the crystallisation of ZnO under MW 
reaction conditions occurs through a PNC pathway, where the nucleation and followed aggregate addition of 
PNCs/crystallites lead to final particles. With corroborative evidences, we have also showed that the nucleation 
commences only when the MW reaction is stopped as opposed to previous reports which all were based on 
classical nucleation growth or dissolution-growth phenomena for particle formation. We believe that this is a 
significant new knowledge which could trigger new thinking in this direction.
The importance of this established nucleation-growth mechanism is that this allows the control of materials 
structure and function by carefully selecting solute concentration, growth controlling chemical additives, tem-
perature, pressure, time of reaction (stopping) and cooling. Thus, this presents a unique method to use closed 
reaction systems effectively to develop tailored materials of designed structure and functions. This generic pre-
dictive method can therefore help improve materials synthesis strategies, and also provide direction for future 
theoretical and modelling studies. Finally, this also happens to be the first report demonstrating a PNC-mediated 
nucleation-growth of ZnO under MW irradiation conditions, as opposed to all previous reports that suggested 
either classical nucleation-growth3,50 or dissolution-recrystallisation  growth38,39.
Methods
Reaction set up used for ZnO synthesis. The synthesis was carried out using a modified MW set up. A 
CEM Technology Discover microwave synthesizer was modified by connecting a reflux condenser to the reac-
tion vessel through a waveguide port to prevent the MWs from escaping (see Supplementary Information Fig. S1 
online). The pressure of the system was monitored by connecting the reflux condenser to the pressure gauge, 
sealing the system, and the temperature was monitored by inserting a probe through the reflux condenser ther-
mometer port. Pressure and temperature data were collected by a Pasco PASPORT Absolute Pressure/Tempera-
ture Sensor (model: PS-2146) and recorded using Pasco Capstone software. The addition of the reflux condenser 
allowed for recovery of lost solvent and prevented excess pressure build-up, extending the possible reaction time, 
yet conforming to a closed reaction system. The comparatively higher temperature (115–132 °C) and pressure 
(287–316 kPa) attained rapidly (within 3 min) in these reactions (Fig. S2) indicate a positive MW heating effect 
and enhanced reaction rates for the formation of ZnO microcrystals. Heating in MW is known to occur through 
dipolar polarization and ionic  conduction49. We attribute the increase in reaction rates to the thermal effect that 
increase random collisions of thermally excited ions and molecules.
Synthesis of ZnO particles. In a typical experiment, 80  mL aqueous solution containing 5  mM zinc 
nitrate (Zn(NO3)2·6H2O, 99.0%, Sigma Aldrich, 0.119 g) and 50 mM urea (CO(NH2)2, 100.0%, Sigma Aldrich, 
0.240 g) were placed in a Pyrex round bottom flask and stirred for 10 min and then irradiated at 300 W for 
20 min in the MW reactor. Following the MW irradiation, the sample was allowed to cool to room temperature 
and solution pH was recorded using a Metrohm 632 pH-meter (Switzerland). The precipitate was then separated 
by centrifugation and washed three times with double distilled water. The sediment was then dried at 60 °C in 
an air oven before further analyses. Similarly, samples were prepared with different MW times such as 1, 3, 5 up 
to 40 min, with intervals of 2 min and 60 min, keeping all other parameters unchanged. All syntheses were done 
using zinc nitrate and urea solutions taken from the same bulk solutions to avoid variation in concentration of 
solutes between samples.
Profiling of compositional evolution. Fourier transform infrared spectroscopy (FTIR) was used to pro-
file the compositional evolution of samples, by determining the evolution of IR active functional groups based 
on their fingerprint absorption properties. FTIR spectra of the powder samples were recorded using a Perki-
nElmer Spectrum Two FTIR Spectrometer. Average % transmittance data of 20 accumulations were collected 
between wavenumbers 400–4000 cm−1 with a resolution of 1 cm−1 for each powder sample and converted to 
absorbance data.
Analysis of particle size and shape. FEI Quanta FEG 650 SEM microscope was used for imaging formed 
particles. The particle lengths and widths were measured from SEM images using ImageJ  software61. For each 
sample, the lengths and widths of 50 representative particles were measured and the standard deviation from the 
mean value of 50 measurements were also presented.
Probing of atomic evolution in samples. The evolution of atoms such as Zn, C and O with respect to 
MW heating was examined using SEM–EDX spectroscopic elemental analysis technique. Although EDX is not 
a strictly quantitative tool for the elemental analysis for determining O and C concentration due to the possible 
environmental contamination, the comparative data presents a clear trend which agrees well with the FTIR 
results. This substantiates the reliability of elemental analysis in this study.
Determination and profiling of crystallite size and lattice strain evolution. Room temperature 
powder XRD patterns of the samples were recorded using a Panalytical X-ray diffractometer in the diffraction 
angle range of 2θ 20°–80° using CuKα radiation (wavelength 1.541874 Å) produced at a voltage of 45 mV and 
current 40 mA. The XRD data were used to determine the crystallite size and lattice micro-strain by line profile 
fitting analysis. The XRD profile fitting was carried out using the X’Pert HighScore software to decompose the 
powder pattern to extract accurate peak  parameters62. The software deconvolutes the overlapped peaks by fit-
ting with a Pseudo-Voigt profile function, which is the weighted mean between a Lorentzian and a Gaussian 
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function. The full width at half maximum (FWHM; B in radians) of the peak obtained from a Lorentzian fit was 
then used to calculate the average crystallite size (ϕ) using the Scherrer formula; ϕ = Kλ/(B cos θ). The FWHM 
from Gaussian fit was used for calculating the mean lattice strain using the tangent formula; Lattice strain (mean 
lattice distortion) = B/(4 tan θ), where B describes the structural broadening, which is the difference in integral 
profile width between a standard and the unknown sample (Eqs. 1 and 2):
An instrumental broadening  (Bstd) of 2θ 0.0455 obtained by measuring the broadening of a standard silicon 
sample (Panalytical) was used for all calculations (see Supplementary Information Fig. S1 online).
Data availability
All relevant data are presented either in the article or in “Supplementary information” online.
Received: 19 May 2020; Accepted: 28 September 2020
References
 1. Ostwald, W. Studien über die bildung und umwandlung fester körper. Zeitschrift für Physikalische Chemie 22, 289–330 (1897).
 2. Harper, J. D., Lieber, C. M. & Lansbury, P. T. Atomic force microscopic imaging of seeded fibril formation and fibril branching by 
the Alzheimer’s disease amyloid-β protein. Chem. Biol. 4, 951–959 (1997).
 3. Auer, S. & Frenkel, D. Prediction of absolute crystal-nucleation rate in hard-sphere colloids. Nature 409, 1020–1023. https ://doi.
org/10.1038/35059 035 (2001).
 4. Auer, S. & Frenkel, D. Suppression of crystal nucleation in polydisperse colloids due to increase of the surface free energy. Nature 
413, 711–713. https ://doi.org/10.1038/35099 513 (2001).
 5. Habraken, W. J. E. M. et al. Ion-association complexes unite classical and non-classical theories for the biomimetic nucleation of 
calcium phosphate. Nat. Commun. 4, 1507. https ://doi.org/10.1038/ncomm s2490 (2013).
 6. Rickaby, R. E. & Schrag, D. P. Biogeochemistry of carbonates: Recorders of past oceans and climate. Met. Ions Biol. Syst. 44, 241–268 
(2005).
 7. Vekilov, P. G. Dense liquid precursor for the nucleation of ordered solid phases from solution. Cryst. Growth Des. 4, 671–685. https 
://doi.org/10.1021/cg049 977w (2004).
 8. Zheng, J.-Y. et al. Synthesis of centimeter-size free-standing perovskite nanosheets from single-crystal lead bromide for optoelec-
tronic devices. Sci. Rep. 9, 11738. https ://doi.org/10.1038/s4159 8-019-47902 -1 (2019).
 9. Broughton, J. Q., Gilmer, G. H. & Jackson, K. A. Crystallization rates of a Lennard–Jones liquid. Phys. Rev. Lett. 49, 1496–1500. 
https ://doi.org/10.1103/PhysR evLet t.49.1496 (1982).
 10. Zhu, J. et al. Crystallization of hard-sphere colloids in microgravity. Nature 387, 883–885. https ://doi.org/10.1038/43141 (1997).
 11. Leunissen, M. E. et al. Ionic colloidal crystals of oppositely charged particles. Nature 437, 235–240. https ://doi.org/10.1038/natur 
e0394 6 (2005).
 12. Franzese, G., Malescio, G., Skibinsky, A., Buldyrev, S. V. & Stanley, H. E. Generic mechanism for generating a liquid–liquid phase 
transition. Nature 409, 692–695. https ://doi.org/10.1038/35055 514 (2001).
 13. Erdemir, D., Lee, A. Y. & Myerson, A. S. Nucleation of crystals from solution: Classical and two-step models. Acc. Chem. Res. 42, 
621–629 (2009).
 14. Lee, S., Teich, E. G., Engel, M. & Glotzer, S. C. Entropic colloidal crystallization pathways via fluid–fluid transitions and multidi-
mensional prenucleation motifs. PNAS 116, 14843. https ://doi.org/10.1073/pnas.19059 29116 (2019).
 15. Demichelis, R., Raiteri, P., Gale, J. D., Quigley, D. & Gebauer, D. Stable prenucleation mineral clusters are liquid-like ionic polymers. 
Nat. Commun. 2, 590. https ://doi.org/10.1038/ncomm s1604 (2011).
 16. De Yoreo, J. J. & Sommerdijk, N. Investigating materials formation with liquid-phase and cryogenic TEM. Nat. Rev. Mater. 1, 
16035. https ://doi.org/10.1038/natre vmats .2016.35 (2016).
 17. Zhou, J. et al. Observing crystal nucleation in four dimensions using atomic electron tomography. Nature 570, 500–503. https ://
doi.org/10.1038/s4158 6-019-1317-x (2019).
 18. Gebauer, D., Kellermeier, M., Gale, J. D., Bergström, L. & Cölfen, H. Pre-nucleation clusters as solute precursors in crystallisation. 
Chem. Soc. Rev. 43, 2348–2371 (2014).
 19. Gebauer, D., Völkel, A. & Cölfen, H. Stable prenucleation calcium carbonate clusters. Science 322, 1819–1822 (2008).
 20. Zahn, D. Thermodynamics and kinetics of prenucleation clusters, classical and non-classical nucleation. ChemPhysChem Eur. J. 
Chem. Phys. Phys. Chem. 16, 2069–2075. https ://doi.org/10.1002/cphc.20150 0231 (2015).
 21. Vekilov, P. G. The two-step mechanism of nucleation of crystals in solution. Nanoscale 2, 2346–2357. https ://doi.org/10.1039/
C0NR0 0628A (2010).
 22. Banfield, J. F., Welch, S. A., Zhang, H., Ebert, T. T. & Penn, R. L. Aggregation-based crystal growth and microstructure development 
in natural iron oxyhydroxide biomineralization products. Science 289, 751. https ://doi.org/10.1126/scien ce.289.5480.751 (2000).
 23. Niederberger, M. & Cölfen, H. Oriented attachment and mesocrystals: Non-classical crystallization mechanisms based on nano-
particle assembly. Phys. Chem. Chem. Phys. 8, 3271–3287. https ://doi.org/10.1039/B6045 89H (2006).
 24. Kawska, A., Duchstein, P., Hochrein, O. & Zahn, D. Atomistic mechanisms of ZnO aggregation from ethanolic solution: Ion 
association, proton transfer, and self-organization. Nano Lett. 8, 2336–2340 (2008).
 25. De Yoreo, J. More than one pathway. Nat. Mater. 12, 284–285. https ://doi.org/10.1038/nmat3 604 (2013).
 26. De Yoreo, J. J. et al. Crystallization by particle attachment in synthetic, biogenic, and geologic environments. Science 349, aaa6760. 
https ://doi.org/10.1126/scien ce.aaa67 60 (2015).
 27. Mirabello, G. et al. Crystallization by particle attachment is a colloidal assembly process. Nat. Mater. https ://doi.org/10.1038/s4156 
3-019-0511-4 (2019).
 28. Dey, A. et al. The role of prenucleation clusters in surface-induced calcium phosphate crystallization. Nat. Mater. 9, 1010–1014. 
https ://doi.org/10.1038/nmat2 900 (2010).
 29. Gebauer, D. & Cölfen, H. Prenucleation clusters and non-classical nucleation. Nano Today 6, 564–584. https ://doi.org/10.1016/j.
nanto d.2011.10.005 (2011).
 30. Wallace, A. F. et al. Microscopic evidence for liquid-liquid separation in supersaturated  CaCO3 solutions. Science 341, 885–889. 













Scientific Reports |        (2020) 10:18414  | https://doi.org/10.1038/s41598-020-75241-z
www.nature.com/scientificreports/
 31. Raiteri, P. & Gale, J. D. Water is the key to nonclassical nucleation of amorphous calcium carbonate. J. Am. Chem. Soc. 132, 
17623–17634. https ://doi.org/10.1021/ja108 508k (2010).
 32. Meulenkamp, E. A. Synthesis and growth of ZnO nanoparticles. J. Phys. Chem. B 102, 5566–5572. https ://doi.org/10.1021/jp980 
730h (1998).
 33. Li, W.-J., Shi, E.-W., Zhong, W.-Z. & Yin, Z.-W. Growth mechanism and growth habit of oxide crystals. J. Cryst. Growth 203, 
186–196. https ://doi.org/10.1016/S0022 -0248(99)00076 -7 (1999).
 34. Sekiguchi, T., Miyashita, S., Obara, K., Shishido, T. & Sakagami, N. Hydrothermal growth of ZnO single crystals and their optical 
characterization. J. Cryst. Growth 214–215, 72–76. https ://doi.org/10.1016/S0022 -0248(00)00065 -8 (2000).
 35. Tian, Z. R. et al. Complex and oriented ZnO nanostructures. Nat. Mater. 2, 821. https ://doi.org/10.1038/nmat1 014 (2003).
 36. McBride, R. A., Kelly, J. M. & McCormack, D. E. Growth of well-defined ZnO microparticles by hydroxide ion hydrolysis of zinc 
salts. J. Mater. Chem. 13, 1196–1201. https ://doi.org/10.1039/B2117 23C (2003).
 37. Vayssieres, L. Growth of arrayed nanorods and nanowires of ZnO from aqueous solutions. Adv. Mater. 15, 464–466. https ://doi.
org/10.1002/adma.20039 0108 (2003).
 38. Hu, X., Masuda, Y., Ohji, T. & Kato, K. Dissolution-recrystallization induced hierarchical structure in ZnO: Bunched roselike and 
core−shell-like particles. Cryst. Growth Des. 10, 626–631. https ://doi.org/10.1021/cg901 030e (2010).
 39. Majithia, R., Speich, J. & Meissner, K. E. Mechanism of generation of ZnO microstructures by microwave-assisted hydrothermal 
approach. Materials (Basel, Switzerland) 6, 2497–2507. https ://doi.org/10.3390/ma606 2497 (2013).
 40. Liu, Q. et al. Quantifying the nucleation and growth kinetics of microwave nanochemistry enabled by in situ high-energy X-ray 
scattering. Nano Lett. 16, 715–720. https ://doi.org/10.1021/acs.nanol ett.5b045 41 (2016).
 41. Sui, M., Gong, P. & Gu, X. Review on one-dimensional ZnO nanostructures for electron field emitters. Front. Optoelectron. 6, 
386–412. https ://doi.org/10.1007/s1220 0-013-0357-3 (2013).
 42. Ledwith, D., Pillai, S. C., Watson, G. W. & Kelly, J. M. Microwave induced preparation of a-axis oriented double-ended needle-
shaped ZnO microparticles. Chem. Comm. https ://doi.org/10.1039/B4077 68G (2004).
 43. Padmanabhan, S. C., Ledwith, D., Pillai, S. C., McCormack, D. E. & Kelly, J. M. Microwave-assisted synthesis of ZnO micro-javelins. 
J. Mater. Chem. 19, 9250–9259. https ://doi.org/10.1039/B9125 37J (2009).
 44. Mano, G., Harinee, S., Sridhar, S., Ashok, M. & Viswanathan, A. Microwave assisted synthesis of ZnO-PbS heterojuction for 
degradation of organic pollutants under visible light. Sci. Rep. 10, 2224. https ://doi.org/10.1038/s4159 8-020-59066 -4 (2020).
 45. Özgür, Ü. et al. A comprehensive review of ZnO materials and devices. J. Appl. Phys. 98, 041301. https ://doi.org/10.1063/1.19926 
66 (2005).
 46. Wang, Z. L. & Song, J. Piezoelectric nanogenerators based on zinc oxide nanowire arrays. Science 312, 242–246 (2006).
 47. Wang, G. et al. Aqueous phase synthesis and enhanced field emission properties of ZnO-sulfide heterojunction nanowires. Sci. 
Rep. 6, 29470. https ://doi.org/10.1038/srep2 9470 (2016).
 48. Verma, S. K., Panda, P. K., Jha, E., Suar, M. & Parashar, S. K. S. Altered physiochemical properties in industrially synthesized ZnO 
nanoparticles regulate oxidative stress; induce in vivo cytotoxicity in embryonic zebrafish by apoptosis. Sci. Rep. 7, 13909. https ://
doi.org/10.1038/s4159 8-017-14039 -y (2017).
 49. Gabriel, C. et al. Dielectric parameters relevant to microwave dielectric heating. Chem. Soc. Rev. 27, 213–224. https ://doi.
org/10.1039/A8272 13Z (1998).
 50. Kelton, K. F. Crystal nucleation in liquids and glasses. in Solid State Physics, Vol. 45 (eds Ehrenreich, H. & Turnbull, D.) 75–177 
(Academic Press,New York, 1991).
 51. Rana, A. U. H. S., Kang, M. & Kim, H.-S. Microwave-assisted facile and ultrafast growth of ZnO nanostructures and proposition 
of alternative microwave-assisted methods to address growth stoppage. Sci. Rep. 6, 24870. https ://doi.org/10.1038/srep2 4870. https 
://www.natur e.com/artic les/srep2 4870#suppl ement ary-infor matio n (2016).
 52. Balzar, D. X-ray diffraction line broadening: Modeling and applications to high-T(c) superconductors. J. Res. Natl. Inst. Stand. 
Technol. 98, 321–353. https ://doi.org/10.6028/jres.098.026 (1993).
 53. Scheetz, B. E. & White, W. B. Vibrational spectra of the alkaline earth double carbonates. Am. Mineral. 62, 36–50 (1977).
 54. Stoilova, D., Koleva, V. & Vassileva, V. Infrared study of some synthetic phases of malachite  (Cu2(OH)2CO3)-hydrozincite 
 (Zn5(OH)6(CO3)2) series. Spectrochim. Acta A: Mol. Spectrosc. 58, 2051–2059. https ://doi.org/10.1016/S1386 -1425(01)00677 -1 
(2002).
 55. Kloprogge, J. T., Hickey, L. & Frost, R. L. FT-Raman and FT-IR spectroscopic study of synthetic Mg/Zn/Al-hydrotalcites. J. Raman 
Spectrosc. 35, 967–974. https ://doi.org/10.1002/jrs.1244 (2004).
 56. Coenen, K., Gallucci, F., Mezari, B., Hensen, E. & Annaland, M. S. An in-situ IR study on the adsorption of  CO2 and  H2O on 
hydrotalcites. J. CO2 Util. 24, 228–239. https ://doi.org/10.1016/j.jcou.2018.01.008 (2018).
 57. Momma, K. & Izumi, F. VESTA 3 for three-dimensional visualization of crystal, volumetric and morphology data. J. Appl. Crystal-
logr. 44, 1272–1276. https ://doi.org/10.1107/s0021 88981 10389 70 (2011).
 58. Kawasaki, T. & Tanaka, H. Formation of a crystal nucleus from liquid. PNAS 107, 14036. https ://doi.org/10.1073/pnas.10010 40107 
(2010).
 59. Gasser, U., Weeks, E. R., Schofield, A., Pusey, P. N. & Weitz, D. A. Real-space imaging of nucleation and growth in colloidal crystal-
lization. Science 292, 258. https ://doi.org/10.1126/scien ce.10584 57 (2001).
 60. Gibbs, J. W. On the equilibrium of heterogeneous substances: Part 1 & 2. Trans. Connecticut Acad. Arts Sci. 3, 108–248 & 343–524. 
10.5479/sil.421748.39088007099781 (1874–1878).
 61. Schneider, C. A., Rasband, W. S. & Eliceiri, K. W. NIH image to ImageJ: 25 years of image analysis. Nat. Methods 9, 671–675. https 
://doi.org/10.1038/nmeth .2089 (2012).
 62. Degen, T., Sadki, M., Bron, E., König, U. & Nénert, G. The HighScore suite. Powder Diffr. 29, S13–S18. https ://doi.org/10.1017/
S0885 71561 40008 40 (2014).
Acknowledgements
We thank Science Foundation Ireland (Industry Fellowship Grant 17/IFB/5435 & AMBER Centre Grant 12/
RC/2278) for the financial support. We thank Dr. Colm Faulkner for reviewing the manuscript internally.
Author contributions
S.P. designed the work and carried out experiments with T.C. S.P. did the data analysis and wrote the manuscript 
with the help of M.M. and S.Pillai. All others (D.M., J.K. and J.H.) reviewed the manuscript.
Competing interests 
The authors declare no competing interests.
Additional information
Supplementary information is available for this paper at https ://doi.org/10.1038/s4159 8-020-75241 -z.
10
Vol:.(1234567890)
Scientific Reports |        (2020) 10:18414  | https://doi.org/10.1038/s41598-020-75241-z
www.nature.com/scientificreports/
Correspondence and requests for materials should be addressed to S.C.P. or M.A.M.
Reprints and permissions information is available at www.nature.com/reprints.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.
Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://creat iveco mmons .org/licen ses/by/4.0/.
© The Author(s) 2020
